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ABSTRACT

To clarify the mechanism by which the RNA portion of
a DNA/RNA hybrid is specifically hydrolyzed by
ribonuclease H (RNase H), the binding of a DNA/RNA
hybrid, a DNA/DNA duplex, or an RNA/RNA duplex to
RNase Hi from Escherichia coli was investigated by
1H-15N heteronuclear NMR. Chemical shift changes of
backbone amide resonances were monitored while the
substrate, a hybrid 9-mer duplex, a DNA/DNA 12-mer
duplex, or an RNA/RNA 12-mer duplex was titrated. The
amino acid residues affected by the addition of each
12-mer duplex were almost identical to those affected
by the substrate hybrid binding, and resided close to
the active site of the enzyme. The results reveal that
all the duplexes, hybrid-, DNA-, and RNA-duplex, bind
to the enzyme. From the linewidth analysis of the
resonance peaks, it was found that the exchange rates
for the binding were different between the hybrid and
the other duplexes. The NMR and CD data suggest that
conformational changes occur in the enzyme and the
hybrid duplex upon binding.

INTRODUCTION
Ribonuclease H (RNase H) is a unique endo-ribonuclease that
specifically cleaves the RNA strand of a DNA/RNA hybrid,
yielding a 3'-hydroxyl and a 5'-phosphate at the hydrolysis site
(1). This enzyme requires specific divalent cations, such as
Mg2+ or Mn2+, for its enzymatic activity.
The enzyme is widely present in various organisms (1),

including retroviruses as a domain of the reverse transcriptase
(2). The three-dimensional structure of the RNase H domain in
human immunodeficiency virus-i (HIV-1) (3-5) is similar to
that of Escherichia coli (E. coli) RNase HI (6-8) and Thermus
thermnophilus RNase H (9). The physiological function of RNase
H remains obscure, although biological studies suggest that it
is associated with DNA replication and repair in the cell (10),
or with reverse-transcription in retroviruses (2).
From a series of site directed mutagenesis experiments (11)

and a computer analysis of RNase H amino acid sequences (12),
the catalytic residues of E. coli RNase HI were determined to be

AsplO, Glu48, and Asp7O. It has been confirmed by X-ray
crystallographic and NMR studies that these three residues form
an active site in the enzyme (6-8), and that Mg2+ (6,7,13) and
the substrate DNA/RNA hybrid (14) bind close to this region.
A model complex has been built based on the free structures

of the enzyme and the substrate independently determined by
X-ray crystallography and NMR distance geometry, respectively
(14). In the modeling of the complex, we assumed that the hybrid
adopts an A-form double-helical conformation. This assumption
was based on the structural analysis of a chimeric DNA/RNA
hybrid, (GmUmCm-dAdTdCdT-CmCm)/r(GGAGAUGAC)
(designated as hybrid 9-mer). The chimeric DNA contains four
successive deoxyribonucleotides among 2'-0-methylnucleotides
in the DNA strand. RNase H has only a slight specificity for
the base sequence of the hybrid. However, using the chimeric
DNA as a complementary strand to RNA, the RNA strand can
be cleaved at a specific position (15). So, we chose the chimeric
hybrid in the previous NMR study to investigate the specific
interactions. It should be noted that a tetranucleotide duplex is
considered to be the minimum unit of substrate hybrids
recognized by the enzyme (15,16).
The model structure of the substrate-enzyme complex is

constructed by considering the three structural bases: (i) the steric
complement between the molecular surfaces of the enzyme and
the hybrid double helix-that is, the interface of the enzyme has
a shape looping around the double helical structure; (ii) the
electrostatic complement between them-that is, the interface of
the enzyme has a positively charged cluster interacting with the
negatively charged nucleic acids; and (iii) the special interactions
between functional groups of the enzyme and the substrate, which
were confirmed by site-directed mutagenesis. Similar assumptions
were made in modeling the complex (5,8).

In the present study, we focus on the interactions of (i) and
(ii), which seem to be global and nonspecific. If the steric and
electrostatic complements are important factors for the global
recognition, DNA/DNA or RNA/RNA duplexes, which are not
cleaved by RNase H, should bind to the enzyme because they
assume double helical structures like the DNA/RNA hybrid.
Therefore, we also examined the binding of DNA/DNA and
RNA/RNA duplexes to RNase H.
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It is well known that nucleic acid duplexes assume two typical
helical structures, the A- and B-forms; DNA duplexes are
generally in a B-form, and RNA duplexes are in an A-form
structure (17). We focused on the binding of these two type of
duplexes to the enzyme. For the DNA duplex, we chose a
synthetic self-complementary 12-mer, d(CGCGAATTCGCG)
(designated DNA 12-mer), the duplex of which assumes the B-
form both in crystal (18) and solution (19,20). For the RNA
duplex, we chose a synthetic self-complementary 12-mer,
r(CGCGAAUUCGCG) (designated RNA 12-mer), the duplex
of which assumes an A-form in solution (21).
The conformational change of the DNA/RNA hybrid was

examined upon binding to RNase H. We performed the
experiment using circular dichroism (CD) spectroscopy, because
of problems with the solubility of the complex. In the titration
experiment, we chose a synthetic oligonucleotide duplex, d(GT-
CATCTCCAG)/r(CUGGAGAUGAC) (designated hybrid
1 -mer), and a longer duplex, d(GTCATCTCCAGGTCATCT-
CCAG)/r(CUGGAGAUGAC)*r(CUGGAGAUGAC)
(designated hybrid 22-mer). These hybrids include the same base
sequence of the above chimeric hybrid 9-mer. The hybrid 22-mer
duplex is a repeated sequence of the hybrid 1 1-mer, and is nicked
in the center of the RNA strand because of the synthesis method.
This duplex has a length sufficient to cover the whole binding
interface of the enzyme, as estimated from the model building.

MATERIALS AND METHODS
Sample preparation
The preparation and purification of E.coli RNase HI was as

described previously (14). To uniformly label the enzyme with
15N, E. coli strain JM109, in which plasmid pJAL600 (22) was
cloned, was grown in M9 minimum culture medium, including
lg/liter culture of [15N]-NH4Cl (99.8 atom%, Shoko Co. Ltd.,
Tokyo).
The deoxyribonucleotide 1 1-mer, d(GTCATCTCCAG) (DNA

11-mer), the deoxyribonucleotide 22-mer, d(GTCATCTCC-
AGGTCATCTCCAG) (DNA 22-mer), and the self-
complementary deoxyribonucleotide 12-mer, d(CGCGAATT-
CGCG) (DNA 12-mer), were synthesized chemically on an
automated synthesizer (Applied Biosystems Model 380B). The
chimeric nucleotide 9-mer, (GmUmCm-dAdTdCdT-CmCm)
(chimera 9-mer), was synthesized chemically following the
procedure of (15). The ribonucleotide 9-mer, r(GGAGAUGAC)
(RNA 9-mer), the ribonucleotide 1 1-mer, r(CUGGAGAUGAC)
(RNA 1 1-mer), the ribonucleotide 3-mer, r(AAU) (RNA 3-mer),
and the self-complementary ribonucleotide 12-mer, r(CGCG-
AAUUCGCG) (RNA 12-mer), were synthesized chemically
following the procedure of (23). Each of the purified
oligonucleotides was desalted by gel filtration on Sephadex G-10
(except for RNA 3-mer), and was converted to the sodium salt
by an ion exchange column. The hybrid 9-mer duplex was
prepared by mixing equi-molar amounts of the chimera 9-mer
and the RNA 9-mer. The hybrid 1 1-mer duplex was prepared
by mixing equi-molar amounts of the DNA 1 1-mer and the RNA
1 1-mer. The hybrid 22-mer duplex was prepared by combining
the DNA 22-mer and the RNA 11-mer at a molar ratio of 1:2.

Titration experiment using NMR spectroscopy
Chemical shift changes of the backbone amide 'H and 15N
resonances of the uniformly 15N-labeled enzyme during the
titration with each of the nucleic acids and KCl were observed

using a 1H-15N heteronuclear two dimensional (2D) NMR
technique, IH-15N heteronuclear single-quantum coherence
(HSQC) spectroscopy (24), as previously reported for the hybrid
9-mer (14). All the titration measurements were performed at
270C.
For the titration of the oligonucleotide duplexes, the enzyme

and each of the duplexes were dissolved in 10 mM sodium acetate
(pH 5.5) with 0.3 M KCI and 0.1 mM EDTA in 90%
H20/10% D20. The concentration of the enzyme was 1.1 mM,
that of the hybrid 9-mer duplex was 3.3 mM, and those of the
DNA and RNA 12-mers were 3.0 mM. In the course of the
titration, 5-50 pl oligonucleotide solution was added to 270-280
,ul enzyme solution. Molar ratios of the oligonucleotide duplex
to the enzyme were 0, 0.05, 0.1, 0.2, 0.3, and 0.5 (0.4 for the
DNA and RNA 12-mers). The chemical shift changes upon the
addition of 0.3 M KCI were monitored by comparing the spectra
of the enzyme solution in the absence and presence of KCI. For
the titration of the RNA 3-mer, the enzyme and the RNA 3-mer
were dissolved in 0.1 M sodium acetate (pH 5.5) with 0.1 M
MgCl2 in 90% H20/10% D20. This concentration of MgCl2 is
a saturated condition for Mg2+ ion binding to the active site of
the enzyme (13). The concentrations of the enzyme and the RNA
3-mer were 1 mM and 73 mM, respectively. During the course
of titration, 0.5-25 ,ul oligonucleotide solution was added to
300 IAI enzyme solution. Molar ratios of the oligonucleotide to
the enzyme were 0, 0.1, 0.5, 1, 2, and 5.

All the NMR spectra were measured on a 500 MHz (for IH)
spectrometer (Bruker AM-500). We used the pulse sequence of
HSQC proposed by Bax and colleagues (25). The resonance of
residual H20 was suppressed by preirradiation. The 2D NMR
spectra were acquired with 512 increments in the t1 direction,
and 2048 data points in the t2 direction. The time domain data
were multiplied by a phase shift sine bell squared window function
in both the t1 and t2 directions, and zerofilled to 2048 in the t,
dimension and to 4096 in the t2 dimension before Fourier
transformation. The spectral width of wl (15N resonances) was
2315 Hz and that of W2 (1H resonances) was 7042 Hz. 'H
chemical shifts are relative to the water signal (4.78 ppm relative
to sodium 3-(trimethylsilyl)propionate). 15N chemical shifts are
relative to the 15N signal of formamide (113.3 ppm).

Titration experiment using CD spectroscopy
CD spectra were recorded on a J-600 spectropolarimeter (Japan
Spectroscopic) with an 10-mm path-length cuvette. The enzyme
and each of the hybrid duplexes were dissolved in 10 mM
Tris HCl (pH 7.5) with 1 mM EDTA. The concentrations of
the hybrid 1 -mer and the 22-mer duplex were 4.09 ,sM and
2.31 AM, respectively, and that of the enzyme was 0.51 mM.
In the course of titration, 1-40 Al enzyme solution was added
to 2 ml oligonucleotide solution. Molar ratios of the enzyme to
the hybrid duplex were 0, 0.1, 0.2, 0.5, 1, 2, 4, and 5. The
titration measurements were performed at 25 0C.

RESULTS AND DISCUSSION
Binding of A- and B-fonn double helices to RNase H
To examine the binding of the nucleic acid duplexes to E.coli
RNase HI, we performed titrations of the uniformly 15N-labeled
enzyme with the RNA or DNA 12-mer duplexes using a IH-15N
heteronuclear two dimensional (2D) NMR technique, HSQC
experiment. Figure 1 shows the expanded HSQC spectra of the
enzyme in a cross-peak region of the backbone amide 'H and
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Figure 1. Expanded 'H-'5N HSQC spectra in a backbone amide region of
uniformly '5N-labeled E.coli RNase HI in H20-D20 (9:1) containing 0.3 M KCI,
0.1 mM EDTA, and 10 mM sodium acetate buffer (pH 5.5) at 27°C. The spectrum
of the free-enzyme is superimposed on each spectrum in the presence (0.3 eq.
molar) of hybrid 9-mer (A), RNA 12-mer (B), and DNA 12-mer (C). Peak
assignments are indicated in the panel (A). Arrows indicate the direction of the
peak shift following the nucleic acid binding.

15N resonances. Chemical shift changes of several backbone
amide peaks were observed upon the titrations with both the RNA
and DNA 12-mers, as reported for the hybrid 9-mer duplex (14).
This result indicates that all of the duplexes bind to the enzyme.
The chemical shifts of the backbone amide peaks have been

completely assigned to the corresponding residues (26).
Therefore, the amino acid residues responsible for the nucleic
acid binding could be mapped. Figure 2 shows the chemical shift
change (Ab) of the backbone amide 'H and 15N resonances in
the titrations with hybrid 9-mer, DNA 12-mer, or RNA 12-mer
at the molar ratio of 0.3. The residues engaged in the binding
of the duplexes are clearly identified. The affected residues are
almost identical among the three duplexes, indicating that all of
the duplexes bind to the same site of the enzyme.
The chemical shift changes by the addition of KCl were also

examined. The distribution of the affected residues with KCl is
clearly different from that with the nucleic acid duplexes (Fig. 3);
for example, the residues within the N-terminal loop and the loop
between 3B and 3C are affected. They form the other positive
charged cluster of the enzyme than the binding interface of the
nucleic acid duplexes. This implies that the nucleic acid duplexes
bind to a specific site.
The residues affected by the duplexes reside close to the active

site, especially around the catalytic residues of AsplO and Asp7O.
The site around His83 and Asn84 is also affected by duplex
binding. This may be due to an ionization-state change of the
imidazole ring of His83, as mentioned (14). On the other hand,
His83 and Asn84 are located in the N-terminal portion of the
aTl helix, beside the joint connecting the all and a!m helices,
and their backbone amides are not involved in hydrogen bonds
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Figure 2. The absolute backbone amide chemical shift changes (1IA61) between
the absence and presence (0.3 eq. molar) of hybrid 9-mer in the 'H axis (A),
in the "5N axis (B), RNA 12-mer in the 'H axis (C), in the "5N axis (D), DNA
12-mer in the 'H axis (E), and in the "5N axis (F). The following residues, for
which peak assignments were ambiguous because of peak overlapping in the course

of titration, are omitted from the analysis: V5, 17, S12, G15, N16, E32, T40,
N45, R46, L49, 153, V54, L56, E57, K60, C63, E64, V74, Q76, G77, T79,
Q80, W85, R88, W104, L107, D108, Q113, Q115, H124, C133, D134, R138,
E147, T149, and V153. The elements of regular secondary structure are shown
below the diagram. The amino-acid sequence of the enzyme is published (6,11).

(7). The observed changes for His83 and Asn84 suggest a

conformational change in the vicinity of the joint to adjust the
steric or electrostatic complement of the binding surface. The
relationship between the conformation of the joint and the activity
has also been revealed by the X-ray analysis of Thermus
thermophilus RNase H, in which the joint site is stabilized by
additional hydrogen bonds (9). Chemical shift changes are also
observed in the region between ,BE and aV. This region is joined
by a loop containing the well conserved residues, His124 and
Asn130. It has been reported that His124 is involved in the
catalytic function of the enzyme (27). The observed chemical
shift changes suggest a conformational change in this region

following the nucleic acid binding. It has been pointed out that
the conformation of the loop is rather flexible, and that the
flexibility around this loop is important for the enzymatic activity
(9,27,28). The present result supports this proposal.

It should be noted that the chemical shift change seems to be
generally larger for the amide that is not involved in a hydrogen
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Figure 3. The absolute backbone amide chemical shift changes (IAIb) between
the absence and presence of KCl (0.3 M) in the 'H axis (A), in the '5N axis
(B), RNA 3-mer (5 eq. molar) in the 'H axis (C), and in the 15N axis (D). The
omitted residues from the analysis for KCI are the same as in Fig. 2, and for
the RNA 3-mer are as follows: L2, Q4, V5, N16, L49, V54, L56, H62, V65,
V74, Q80, H83, R88, A93, W104, Q113, H114, Q115, H124, H127, A137,
R138, A139, and V153. The difference in the omitted residues between the RNA
3-mer and the others is due to the different solvent conditions in the experiments.
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Figure 4. Titration curves of the RNA 3-mer binding to E.coli RNase HI, obtained
from the 'H chemical-shift changes for Glyl23 (closed circle) and Glyl26 (open
circle) in the course of the titration with the enzyme. The data for Glyl26 were

analyzed by Hill plot to calculate the dissociation constant of the RNA 3-mer.
The A6 value in the presence of 5 mM RNA 3-mer was considered to be the
maximal change for the analysis.

bond. Therefore, the magnitude of the chemical shift change does
not always correspond to that of the conformational change.
The clear difference between the substrate hybrid and the other

duplexes in the experiments was observed in the linewidth of the
resonance peaks. Significant broadening occurred in several peaks
upon the titration with the substrate hybrid, but not with the DNA

and RNA duplexes; for example, Gly 1l in Fig. 1. This suggests
that the exchange rate between the free- and bound-forms
(dissociation rate) is different; the exchange rate of residues,
whose resonance peaks are broadened, are slower than the others.
It may be due to a different rate of the local conformational
change of each residue following the substrate binding. Another
possibility for the cause of the broadening should be considered;
the increase of the exchange rate between the labile amide proton
and the solvent H20, which occurs as a result of the increase
in the local pH around the amide group following the tight binding
of the substrate.
We also examined the binding of a short single-strand

oligonucleotide, an RNA 3-mer, to the Mg2+-bound enzyme.
The active site of the enzyme forms a negatively charged cluster
(6,8). Therefore, it seems that the interactions of negatively
charged nucleic acids with the active site would be repulsive.
It is expected that the Mg2+ binding to the active site weakens
the repulsive charged effect between them. The distribution of
the affected residues with the RNA 3-mer is different from those
with the duplexes (Fig. 3). Figure 4 shows the 'H chemical-shift
changes of Gly 123 and Gly126 during the titration with the RNA
3-mer. From the Hill plot analysis of the data for Gly126, the
dissociation constant, KD, and the number of bound oligomers
per enzyme, n, were calculated to be 2x10-5 M and 1.6,
respectively. Taking into account the quality of the experimental
data, it is estimated that the RNA 3-mer has a KD value above
10-5 M. This result shows that the short RNA 3-mer binding
is fairly weak, as compared to the substrate-hybrid binding (KD
= 10-8-10-9 M) described below. The results for the RNA
3-mer support the consideration in the model building that a
considerably longer double helical structure would be required
for the formation of the complex.

Electrostatic interaction in the binding
In the course of titration with the hybrid 9-mer, a large amount
of precipitate appeared when the molar ratio of the hybrid to the
enzyme exceeded 0.3, and the NMR signal became too weak
to observe cross peaks because of the decrease in the soluble
protein concentration. The precipitate was tested to determine
whether it contained the hybrid 9-mer. The precipitate was
dissolved in a sufficient amount of water containing 0.3 M KCl,
and was analyzed by ion-exchange column chromatography. The
HPLC pattern of the heated solution at 60°C revealed that both
strands of the hybrid 9-mer are contained in the precipitate,
showing that the precipitate is a complex of the enzyme and the
hybrid duplex.

It is known that protein-DNA binding interactions are highly
dependent upon salt concentrations, with the general observation
that binding affinities decrease with increasing salt concentration,
because of the shielding of electrostatic interactions between them
(29). In the case of E.coli RNase HI, when the titration
experiments were performed in the solution without KCl, much
more precipitate appeared. The amount of the precipitate
decreased with increasing KCI concentration, suggesting that the
electrostatic interactions between the enzyme and the hybrid
duplex are weakened by the added salt, KCI.

Precipitation was also observed in the titrations for the other
duplexes. Therefore, it is difficult to obtain the binding constant
of each duplex to the enzyme. The observed amount of
precipitated complex was DNA/RNA > > RNA/RNA >
DNA/DNA. If the amount of precipitate is assumed to reflect
the strength of each duplex binding, especially by electrostatic
interaction, then the substrate duplex is considered to interact
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Figure 5. CD spectra of the hybrids in 10 mM Tris HCl (pH 7.5) and 1 mM
EDTA at 25°C; (A) hybrid 11-mer (a), and with the enzyme at 0.5 eq. (b), 2
eq. (c), and 5 eq. molar (d); (B) hybrid 22-mer (a), and with the enzyme at 1

eq. (b), 2 eq. (c), and 4 eq. molar (d).
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Figure 6. Titration curves of the enzyme binding to the hybrid 11-mer (closed
circle) and the hybrid 22-mer (open circle). The data were obtained from the
[0] at 280 nm in the CD spectra of the hybrids. The fraction of the enzyme binding
values were obtained from the A[0]/A[6]max., which are the values of the [0]
change against the maximal [0] change in the presence of 5 equi-molar enzyme.

with the enzyme much more tightly than the other duplexes. This
is consistent with the above result for the line-broadening. The
specific discrimination of the DNA/RNA hybrid for the enzyme
catalysis may be achieved by the additional interactions that are

classified in the interaction (iii) described above. It is thought
that specific interactions through the 2'-OH are lacking in the
DNA/DNA duplex, and several interactions are inhibited by steric
hindrance between the enzyme and the additional 2'-OH of the
strand opposite to the cleaved RNA strand in the RNA/RNA
duplex.

Conformational changes upon the binding
The NMR data suggest that the conformation of the enzyme is
altered (by induced fit) by the substrate binding, as discussed
above. Although NMR spectroscopy will also be useful for
structural analysis of the substrate hybrid in the complex, a

detailed analysis of the hybrid was difficult because of the low
solubility (the precipitation) of the complex, as described above.
Therefore, we performed the titration experiment while
monitoring by CD spectroscopy to examine the conformational
changes of the hybrid duplex upon binding.

Figure 5 shows the CD spectra of the hybrid 11-mer and
22-mer molecules. The CD spectra of both hybrids are typical
of an A-form duplex. Following the binding of the enzyme, the
maximum is blue-shifted from 263 nm to 258 nm, and a new
minimum at 288 nm appears for both of the hybrids. The CD
spectra of the bound-forms are essentially the same with the
hybrid 1 1-mer and 22-mer, while the peak intensities at 258 nm
are different for each of the hybrids. The spectral change observed
in the 210-240 nm range is not considered at present, because
a large negative molar ellipticity of the enzyme is overlapped
in this region. Figure 6 shows the titration curves of the hybrids
obtained from the CD data at 280 nm. From the Hill plot analyses
of the CD data at 280 nm, the dissociation constant, KD, and
the numbers of bound duplexes per enzyme, n, were calculated
as follows: KD = Sx10-9 M and n = 1.5 for the hybrid
11-mer, and KD = 2x10-8 M and n = 1.4 for the hybrid
22-mer. Taking the KD values calculated from the data of the
other wavelengths into consideration, the dissociation constants
of the hybrids are evaluated in the range of 10-8-10-9 M in
the solution containing 10 mM Tris HCl (pH 7.5) with 1 mM
EDTA at 25°C.
The CD data clearly show that the conformation of the hybrid

duplex is altered by enzyme binding, and especially by an
alteration in the base stacking. Previously, we proposed that the
substrate hybrid should be bent (kinked) in the complex for exact
fitting (14), as observed for several nucleases, such as DNase
I (30) and EcoRI (31). The altered CD spectra of the hybrids
suggest bending of the duplexes. It is also possible that the global
helical conformation of the hybrid is altered from the A-form
following the binding.
There are many publications describing the tertiary structures

of DNA/RNA hybrids as determined by NMR (32 - 34), Raman
spectroscopy (35), X-ray fiber diffraction (36,37), and X-ray
crystallography (38). The results are often in disagreement with
each other, and it should be considered that hybrids can have
an A-form, B-form, or heterogeneous form (DNA strands with
B-form and RNA strands with A-form) depending on the solvent
conditions and the base sequences. Recently, Salazar et al.
reported an interesting result determined by NMR, that the DNA
strand in a DNA/RNA hybrid is neither B-form nor A-form, but
an intermediate form (04'-endo) in solution (39). The present
results show that both A-form and B-form duplexes bind to RNase
H, and that the structure of the hybrid duplex is altered in the
substrate -enzyme complex. Therefore, to reveal the mechanism
by which the RNA portion of the DNA/RNA hybrid is
specifically hydrolyzed by RNase H, we should focus on the
substrate structure in the complex. However, structural study of
the hybrid will still provide important information about the
mechanism. For example, Salazar et al. pointed out in their NMR
study that the RNA strand has a longer T, relaxation time than
the DNA strand in the hybrid (39). This agrees with the proposal
that the flexibility of the strand opposite to the cleaved RNA
strand is important for the specific recognition of RNase H (14).
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